The redox-sensing MarR/DUF24-type repressor YodB controls expression of the azoreductase AzoR1 and the nitroreductase YodC that are involved in detoxification of quinones and diamide in Bacillus subtilis. In the present paper, we identified YodB and its paralog YvaP (CatR) as repressors of the yfiDE (catDE) operon encoding a catechol-2,3-dioxygenase that also contributes to quinone resistance. Inactivation of both CatR and YodB is required for full derepression of catDE transcription. DNA-binding assays and promoter mutagenesis studies showed that CatR protects two inverted repeats with the consensus sequence TTAC-N 5 -GTAA overlapping the ؊35 promoter region (BS1) and the transcriptional start site (TSS) (BS2). The BS1 operator was required for binding of YodB in vitro. CatR and YodB share the conserved N-terminal Cys residue, which is required for redox sensing of CatR in vivo as shown by Cys-to-Ser mutagenesis. Our data suggest that CatR is modified by intermolecular disulfide formation in response to diamide and quinones in vitro and in vivo. Redox regulation of CatR occurs independently of YodB, and no protein interaction was detected between CatR and YodB in vivo using protein cross-linking and mass spectrometry.
Bacillus subtilis is exposed in the soil to a variety of antimicrobial agents that include phenolic and quinone-like compounds which are produced by other soil bacteria, plants, or fungi. In addition, quinone-like compounds are present in humic substances of the soil. Quinones are also biologically active compounds that function as lipid electron carriers in the electron transport chain (e.g., ubiquinone and menadione). Thus, quinones are naturally occurring electrophilic compounds that are ubiquitously distributed in bacterial systems.
Proteomic and transcriptomic approaches revealed that catechol and methylhydroquinone (MHQ) act like diamide as thiol-reactive electrophiles in B. subtilis. Quinones and diamide deplete the cellular pool of low-molecular-weight (LMW) thiols via different mechanisms. Diamide leads to an increase in reversible thiol modifications, such as inter-and intramolecular disulfides and S thiolations (disulfides between proteins and LMW thiols) (9, 10, 27) . Quinones can act as oxidants or electrophiles (13, 20, 25) . As oxidants, quinones redox cycle with their semiquinones, producing reactive oxygen species (ROS), such as superoxide anion or hydrogen peroxide (18) . The production of ROS could lead in turn to reversible thiol modifications. As electrophiles, quinones can form S adducts with cellular thiols via the thiol-(S)-alkylation chemistry. Recently, we showed that toxic quinones react mainly via S-alkylation with cellular thiol-containing proteins in vivo, which leads to aggregation and depletion of proteins in the proteome (18) . However, we also found the glyceraldehyde-3-phosphate dehydrogenase GapA as a target for reversible thiol oxidation by quinones in vivo. Thus, quinones act via the oxidative and electrophilic mode in B. subtilis cells in vivo.
The depletion of the thiol redox buffer by diamide and quinones causes a general electrophile stress response in B. subtilis, which includes expression of regulons controlled by the Spx, CtsR, PerR, and CymR regulators and the MarR-type repressors MhqR and YodB (1, 4, 15, 16, 21, 22, 31) . YodB is a MarR/DUF24-family repressor that controls the azoreductase AzoR1, the nitroreductase YodC, and the redox-sensing regulator Spx in response to diamide and quinones. YodB senses quinones and diamide via the conserved Cys6 residue, which is required for DNA-binding activity and redox sensing of YodB in vivo (15) . In recent studies, we have shown that YodB functions as a two-Cys-type redox-sensing regulator that is regulated via intersubunit disulfides between Cys6 and one of the C-terminal Cys residues, Cys101 or Cys108, in response to diamide and quinones in vivo (4) . Thus, YodB regulation is similar to that of the two-Cys-type OhrR repressor of Xanthomonas campestris (26) .
Together, the MarR-type repressors YodB and MhqR control paralogous azoreductases (AzoR1 and AzoR2), nitroreductases (YodC and MhqN), and thiol-dependent dioxygenases (MhqA, MhqE, and MhqO) (1, 15, 31) . The paralogous azoreductases are major quinone resistance determinants and have functions as quinone reductases, thus preventing toxic quinones from undergoing redox cycling and causing depletion of cellular thiols. The paralogous thiol-dependent dioxygenases (MhqA, MhqE, and MhqO) could be involved in the specific ring cleavage of quinone S adducts which are formed in the detoxification reaction of LMW thiols with quinones (31).
Our previous studies identified the yfiDE (catDE) operon that is induced by catechol and MHQ and which encodes an enzyme with catechol-2,3-dioxygenase activity (CatE) and a DoxX-like oxidoreductase, CatD (24, 30) . We were interested in the regulation of this catDE operon and found that catDE is negatively controlled by YodB and its paralogous repressor YvaP (CatR). We further show in this paper that redox regulation of catDE expression is mediated by CatR and YodB, which are modified by intersubunit disulfide bond formation in vivo to sense electrophiles. , and the catRC7S point mutant, which is described below (Table 1) . B. subtilis strains were cultivated under vigorous agitation conditions at 37°C in Belitsky minimal medium as described previously (29) . Escherichia coli strains were grown in LB broth for DNA manipulation. The antibiotics were used at the following concentrations: 3 g/ml erythromycin, 25 g lincomycin, 100 g spectinomycin, and 5 g/ml chloramphenicol. The compounds used were 2-methylhydroquinone (Acros), catechol, and diamide (Sigma). The alkylating agent 4-acetamido-4Ј-maleimidylstilbene-2,2Ј-disulfonic acid (AMS) was purchased from Molecular Probes, Dynabeads protein A was purchased from Invitrogen, and the cross-linking reagent DSP [dithiobis(succinimidylpropionate)] was purchased from Pierce.
MATERIALS AND METHODS

Bacterial
The ⌬catE mutant strain that harbors the catE-lacZ fusion was constructed using the pMutin4 plasmid as described previously (30) . The transcription factor (TF) deletion mutants were constructed using an overlap-extension PCR technique as described previously (12) . The cat gene was amplified from the plasmid pCBB31 by PCR analysis with primers pUC-F and pUC-R. Upstream and downstream regions of each regulator gene were amplified by PCR using gene-specific primer sets F1/R1 and F2/R2 as described previously (12) . The primer sets catR-F1/catR-R1 and catR-F2/catR-R2 were used for amplification of the catR upstream and downstream regions ( Table 2 ). The 5Ј ends of primers R1 and F2 are complementary to pUC-R and pUC-F sequences, respectively. Then, the r strain was transformed into the ⌬yodB mutant to generate the ⌬yodB ⌬catR double mutant strain. For construction of plasmid pSWEETcatR-FLAG, primers catR_FLAGfor and catR_FLAGrev were used to amplify catR, including the ribosomal binding site and a C-terminal FLAG tag sequence, followed by two stop codons. The PCR product was digested with PacI and HindIII and cloned into the plasmid pSWEET (3) downstream of the xylA promoter that was digested with the same enzymes. The pSWEETcatR-FLAG plasmid was integrated into the amyE gene of the B. subtilis ⌬catR::spc mutant strain with selection for chloramphenicol and spectinomycin, resulting in the ⌬catR catR-FLAG strain. Plasmid pSWEETcatR-FLAG was also integrated into the B. subtilis ⌬yodB::Em mutant strain that resulted in the ⌬yodB catR-FLAG strain.
Construction of the catRC7S point mutant. To amplify the catR gene including the flanking regions, PCR analysis was performed with primers catR-EcoRI and catR-BamHI (Table 2 ) using chromosomal DNA from B. subtilis 168 as template. The PCR product was digested with EcoRI and BamHI restriction enzymes and inserted into pDG795 (7), which was digested with the same enzymes to generate pDGcatR. The catR sequence was verified by DNA sequencing.
Plasmid pDGcatRC7S was produced by using PCR mutagenesis. First-round PCR analysis was performed using primers catRC7Sfor1 and catRC7Srev1 and primers catRC7Sfor2 and catRC7Srev2 ( Table 2 ). The PCR products were hybridized and subsequently amplified by a second round of PCR using primers catRC7Sfor1 and catRC7Srev2. The PCR products from the second-round PCRs were then digested with EcoRI and BamHI restriction enzymes and inserted into plasmid pDG795 digested with the same enzymes to generate plasmid pDGcatRC7S. The plasmid pDGcatRC7S was verified by DNA sequencing and introduced into the thrC locus of the B. subtilis ⌬catR mutant by transformation with selection for chloramphenicol and erythromycin-lincomycin resistance.
Transcription factor array analysis. Transcription factor array analysis was performed as described previously (8, 12) using competent cells of the ⌬catE::pMutin4 strain which carries a catE-lacZ fusion.
Transcriptome analysis. For microarray analysis, the B. subtilis wild type and ⌬catR mutant strain were grown in minimal medium and harvested at an optical density at 500 nm (OD 500 ) of 0.4. Total RNA was isolated by the acid phenol method as described previously (19) . Generation of fluorescence-labeled cDNA and hybridization with B. subtilis whole-genome microarrays (Eurogentec) was performed as described previously (11) . Two independent hybridization experiments were performed using RNAs from two independent experiments. All microarray datasets are available in the GEO database under the accession number GSE22603.
Northern blot experiments. Northern blot analyses were performed as described previously (32) using RNA isolated from the B. subtilis strains before (control) and 10 min after the treatment with 1 mM diamide, 2.4 mM catechol, or 1 mM MHQ, respectively. Hybridizations were performed with the digoxigenin-labeled catE-specific RNA probe synthesized in vitro using T7 RNA polymerase as described previously (30) .
Primer extension experiments. Primer catD-revFT complementary to the Nterminal encoding region of catD (catD-PE2) was 5Ј-end labeled using T4 polynucleotide kinase (Roche Diagnostics) and 50 Ci [␥-32 P]ATP (GE Healthcare). Primer extension analysis was performed using the labeled primer as described previously (32) . Sequencing of the corresponding promoter regions was performed as described previously (28) using PCR products as templates containing the catDE promoter region amplified with primers catD-forFT and catD-revFT (Table 2) .
Expression and purification of the His-CatR and His-YodB proteins. Escherichia coli BL21(DE3)pLysS (Invitrogen) was used for overproduction of Nterminal His-tagged CatR and YodB proteins. For expression of the YodB protein, plasmid pML54 was used and purification of His-tagged YodB protein was performed as described previously (15) . For expression of the His-CatR protein, a PCR product was amplified using primers catR-NdeI-pETfor and catR-BamHI-pETrev ( Table 2 ). The forward primer includes a start codon followed by the codons for six N-terminal histidine residues. The catR-specific PCR product was digested with the NdeI and BamHI restriction enzymes and inserted into the expression plasmid pET11b (Invitrogen) that was digested with the same enzymes to generate pETcatR. The catR sequence was verified by DNA sequencing using the primers T7-promoter-primer and T7-terminal-primer (Table 2). E. coli BL21(DE3)pLysS carrying pETcatR and pML54 were cultured in 1 liter LB medium, and 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) was added at the mid-log phase (OD 600 of 0.8) for 2 h. Recombinant His-CatR and His-YodB proteins were purified using PrepEase His-tagged high-yield purification resin (USB) under native conditions according to the instructions of the manufacturer (USB). The purified His-CatR and His-YodB proteins were extensively dialyzed against 10 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 50% glycerol and stored at Ϫ80°C.
DNase I footprinting analysis. Primers catD-forFT and catD-revFT were each 5Ј-end labeled using T4 polynucleotide kinase (Roche Diagnostics) and 50 Ci [␥- 32 P]ATP (GE Healthcare) and purified using ethanol precipitation. DNA probes for catE (corresponding to positions Ϫ146 to ϩ120 relative to TSS) were synthesized by PCR amplification using one 5Ј-end-labeled primer pair (catDforFT and catD-revFT) and the corresponding nonlabeled primer pair, respectively (Table 2 ). Purified PCR fragments that were labeled at one 5Ј end were used as sequencing templates. DNA probe purification and DNase I footprinting were performed as described previously (31) .
DNA gel mobility shift assays. The DNA fragment containing the catD promoter region was generated by PCR using the primer set catD-forFT and catDrevFT. For catDE promoter mutagenesis and deletion of the upstream CatR binding region, primers were used to amplify the following regions: from Ϫ146 to ϩ20 (primers catD_Ϫ146_for and catD_ϩ20_rev); from Ϫ146 to ϩ20, containing mutations in the BS2 operator (primers catD_Ϫ146_for and catD_ϩ20M1_rev or catD_ϩ20M2_rev); from Ϫ80 to ϩ20 (primers catD_ Ϫ80_for and catD_ϩ20_rev); from Ϫ60 to ϩ20 (primers catD_Ϫ60_for and catD_ϩ20_rev); from Ϫ60 to ϩ20, containing mutations in the BS1 operator (primers catD_Ϫ60M3_for and catD_ϩ20_rev); and from Ϫ40 to ϩ20, relative to the transcriptional start site (primers catD_Ϫ40_for and catD_ϩ20_rev) (Table 2). Approximately 600 pmol of the purified PCR products was end labeled using T4 polynucleotide kinase (Roche Diagnostics) and 50 Ci [␥- 32 P]ATP (GE Healthcare). The labeled catD promoter probes were purified by ammonium sulfate-ethanol precipitation, and 2,000 cpm of each probe was incubated with different amounts of purified His-CatR and His-YodB proteins for 10 min at room temperature in electrophoretic gel mobility shift assay (EMSA) binding buffer (10 mM Tris-HCl [pH 7.5], 100 mM KCl, 5% glycerol) in the presence of 50 g/ml bovine serum albumin (BSA) and 5 g/ml salmon sperm DNA. The concentrations of the compounds used for the DNA-binding assays were 1 mM MHQ, 1 mM diamide, 10 mM dithiothreitol (DTT), and 5 mM catechol. DNAbinding reactions were separated by 4% native polyacrylamide gel electrophoresis in 10 mM Tris, 1 mM EDTA buffer, pH 8, containing 2.5% glycerol at room temperature and constant voltage (250 V) for 15 min. Gels were dried, and the radiolabeled bands were visualized using phosphorimaging.
Western blot analysis. Anti-CatR polyclonal rabbit antiserum was generated using purified His-tagged CatR protein. The antiserum was purified using affinity chromatography with N-hydroxysuccinimide (NHS)-activated Sepharose and the coupled His-CatR protein to avoid nonspecific cross-reaction of the antibodies with B. subtilis proteins. The CatR antibodies were eluted from the affinity column using 100 mM glycine-HCl, pH 3.5, followed by neutralization with 1 M Tris-HCl, pH 8.0. The polyclonal antisera were used for immunoprecipitation experiments, and the purified antibodies were used at a dilution of 1:200 in the Western blot experiments. Protein amounts of 25 g were loaded onto a 14% SDS-PAGE gel, and the Western blot analysis was performed as described previously (18) .
Immunoprecipitation and nonreducing/reducing diagonal SDS-PAGE analysis. B. subtilis wild-type cells were treated with 1 mM diamide and 1 mM MHQ, and cells were harvested in the presence of 50 mM iodoacetamide (IAM) to alkylate all reduced thiols. Cells were sonicated, and the protein extracts were obtained after repeated centrifugation. Immunoprecipitation of CatR protein using CatR-specific antibodies and B. subtilis protein extracts was performed with Dynabeads protein A (Invitrogen) according to the instructions of the manufacturer. The precipitated proteins were eluted using nonreducing SDS sample buffer (4% SDS, 62.5 mM Tris-HCl [pH 8.0], glycerol). Protein extracts or precipitated CatR protein was separated using the nonreducing/reducing diagonal SDS-PAGE analysis as described previously (17) . Proteins were first separated using nonreducing SDS-PAGE without DTT and the lanes were cut. The cut lanes were first incubated in SDS sample buffer containing 50 mM DTT to reduce all oxidized thiols and subsequently incubated in SDS sample buffer with 100 mM IAM to alkylate all newly formed reduced thiols. Bands were positioned horizontally on an SDS-PAGE gel, separated using reducing SDS-PAGE, and subjected to Western blot analysis. All proteins that migrate along the diagonal represent proteins without disulfide bonds. Those proteins that form intermolecular disulfides between two proteins or two subunits run at the right side of the diagonal, and proteins with intramolecular disulfides migrate to the left of the diagonal.
Analysis of protein interactions of YodB and CatR in vivo. Cells of strains ⌬catR catR-FLAG and ⌬yodB catR-FLAG were grown in 1 liter Belitsky minimal VOL. 192, 2010 REGULATION OF catDE BY YodB AND CatR (YvaP) 4573 medium to an OD 500 of 0.2. Production of CatR-FLAG protein was induced by adding 2% xylose to the culture for 90 min. Cells were harvested by centrifugation, washed twice with reaction buffer (100 mM sodium phosphate [pH 7.5], 150 mM NaCl), and dissolved in 100 ml reaction buffer each. The cross-linking reagent DSP [dithiobis(succinimidylpropionate)] (Pierce) was added to the culture at a concentration of 400 M for 30 min. Cells were harvested by centrifugation, washed twice with 20 mM Tris-HCl, pH 8.0, and disrupted by sonication. CatR-FLAG protein was immunoprecipitated using anti-FLAG M2 affinity agarose (Sigma) according to the instructions of the manufacturer. CatR-FLAG protein was eluted, and the protein cross-links were reversed by heating in SDS sample loading buffer containing 5% mercaptoethanol. Samples were separated on 15% SDS gels and subjected to CatR-, YodB-, and anti-FLAG-specific Western blot analyses.
RESULTS
Identification of YvaP (CatR) as a repressor of the catE-lacZ fusion using TF arrays. To identify the regulator of the catDE operon, we have applied the transcription factor/transformation array technology (TF array) (8, 12) . Chromosomal DNA of each of the 287 transcription factor deletion mutants was transformed into the ⌬catE mutant that carries a catE-lacZ fusion due to integration of the nonreplicating pMutin4 plasmid. The ⌬yvaP deletion mutant showed derepression of the catE-lacZ fusion on LB plates containing X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (Fig. 1A) . Thus, YvaP was identified as a putative repressor that is involved in negative regulation of the catDE operon in response to electrophiles. Hence, we renamed YvaP as a putative CatR repressor. We further noted that the catR sequence annotated in the old SubtiList database contains sequencing errors that have been corrected in the resequenced genome sequence (2) . Homology comparison revealed that CatR belongs to the MarR/DUF24 Northern blot analysis of catDE transcription was performed using RNA isolated from the B. subtilis wild type (WT) and ⌬catR, ⌬yodB, ⌬catR ⌬yodB, and ⌬yodB ⌬azoR1 mutants before (co) and 10 min after treatment with 1 mM MHQ (M), 2 mM MHQ (M2), 2.5 mM MHQ (M3), 2.4 mM catechol (cat), 12 mM catechol (cat2), 1 mM diamide (D), or 2 mM diamide (D2). The arrow points toward the size of the catDE-specific transcript. (E) The quantification of catDE transcription ratios was performed using ImageJ from three independent Northern blot experiments. (F) Primer extension analysis was performed to determine the 5Ј end of the catDE-specific transcript that is marked by an arrow, and the Ϫ10 promoter sequence is labeled with a solid line. For sequencing, the dideoxynucleotide added in each reaction is indicated above the corresponding lane.
family of transcriptional regulators and is closely related to YodB (4). The catR gene consists of 327 bp and encodes a protein of 108 amino acids which shares 46% sequence identity to the YodB repressor.
Transcription of the catDE operon is negatively controlled by the MarR/DUF24-family paralogs CatR and YodB in response to diamide and quinones. Northern blot experiments showed that the catDE operon is 13-to 60-fold induced in response to quinone-like electrophiles (catechol and MHQ) and diamide in the wild type (Fig. 1B) . The catDE-specific transcript was 10-fold derepressed in the ⌬catR mutant under control conditions, confirming that CatR is a repressor of the catDE operon. However, we still observed a 3-to 6-fold induction of catDE transcription in the ⌬catR mutant after exposure to electrophiles, which points to another redox-sensing regulator controlling catDE expression. The TF array analysis did not reveal another negative regulator. Since CatR shares strong sequence similarity to the YodB repressor, we analyzed expression of the catDE operon in a ⌬yodB ⌬catR double mutant (Fig. 1B) . Interestingly, the ⌬yodB ⌬catR double mutant showed 60-fold derepression of catDE transcription, revealing that both YodB and CatR are involved in negative regulation of the catDE operon. Surprisingly, the catDE operon was repressed in the ⌬yodB single mutant (Fig. 1B) under control conditions, suggesting that CatR and YodB might compete for DNA binding in vivo. Furthermore, the catDE operon was 10-and 20-fold upregulated in the ⌬yodB mutant by 1 mM diamide and 3 mM catechol, and no derepression was observed by MHQ (Fig. 1B) . We thought that this weaker induction of the catDE operon in the ⌬yodB mutant by diamide and catechol could be caused by the increased detoxification of the compounds by the azoreductase AzoR1 upregulated in the ⌬yodB mutant. Thus, we analyzed catDE transcription in the yodB mutant in response to higher sublethal concentrations of the compounds. In fact, a 30-fold and 65-fold derepression of catDE transcription was observed in the ⌬yodB mutant with higher doses of 2.5 mM MHQ and 12 mM catechol, respectively (Fig. 1C) . Finally, catDE transcription was analyzed in a ⌬yodB azoR1 double mutant that has lost the resistance phenotype as shown previously (15) . The Northern blot analysis showed similar catDE transcription ratios in wildtype and ⌬yodB azoR1 double mutant cells in response to 1 mM diamide, 1 mM MHQ, and 3 mM catechol (Fig. 1D) . This result indicates that CatR responds independently of YodB to catechol, MHQ, and diamide in vivo.
We next determined the transcriptional start site of the catDE operon using total RNA of wild-type and ⌬catR mutant cells treated with MHQ and catechol stress using primer extension experiments (Fig. 1F) . The 5Ј end of the catDE-specific mRNA was mapped at an adenine located 36 bp upstream of the start codon (Fig. 1F) . This transcriptional start site is preceded by a A -type promoter sequence. Transcription of catDE is strongly initiated from this A -dependent promoter in response to electrophiles (MHQ, catechol, and diamide).
To identify other genes that are regulated by CatR, microarray experiments were performed to compare gene expression in the B. subtilis ⌬catR mutant and wild-type cells under control conditions. However, only the catDE operon was reproducibly upregulated (18-to 24-fold) in the ⌬catR mutant (GEO accession no. GSE22603). Thus, the catDE operon is the only apparent target for repression by CatR in B. subtilis.
The conserved Cys7 residue is required for regulation of CatR in vivo. YodB was characterized as a redox-sensing repressor of the MarR/DUF24 family (1, 4, 15) . CatR and YodB share the conserved N-terminal Cys residue, but CatR lacks the Cys101 and Cys108 residues of YodB. The conserved Cys6 is required for DNA-binding activity and redox sensing of YodB in vivo (4, 15) . We analyzed the role of Cys7 of CatR in transcriptional regulation of the catDE operon using a catRC7S mutant in Northern blot experiments ( Fig. 2A and B) . The basal level of catDE transcription was 3-to 4-fold increased in the catRC7S mutant compared to that in the wild type. Treatment of catRC7S mutant cells with MHQ and diamide leads to a 2-to 4-fold derepression of catDE transcription, but no increased catDE transcript level was detected after catechol stress ( Fig. 2A and B) . Thus, the response of the CatRS7S protein is significantly reduced compared to that of the wild-type CatR protein, which indicates that Cys7 is required for redox sensing of CatR in vivo. Western blot analyses showed that similar amounts of CatR and CatRC7S are produced in the wild type and catRC7S mutant, respectively (Fig. 2C) . ⌬catR and ⌬catR ⌬yodB mutants show a catechol and MHQ resistance phenotype. Previous phenotype analyses showed that the growth of the ⌬catE deletion mutant was impaired in the presence of 3.6 mM catechol, which reduced the growth rate of the wild-type strain only slightly (30) . Thus, the catDE operon confers resistance to catechol. Examination of the growth phenotype showed that the ⌬catR mutant was able to grow with 7 mM catechol and 1 mM MHQ, reflecting a 2-fold increase in quinone resistance compared to that of the wild type (Fig. 3) . The resistance of the ⌬yodB mutant was higher than that of the ⌬catR mutant since the ⌬yodB mutant was able to grow with 12 mM catechol and 1.5 mM MHQ. An additive increase in these growth phenotypes were observed in the ⌬yodB ⌬catR double mutant that was resistant even to 20 mM catechol and 2.5 mM MHQ. However, the ⌬catR mutant strain showed no increased resistance to diamide. Finally, also the ⌬yodB ⌬catR double mutant showed a level of diamide resistance similar to that of the ⌬yodB mutant. These results indicate specific detoxification functions of the CatR-controlled thiol-specific dioxygenase CatE for quinone-like electrophiles by ring cleavage of the compounds. This function of CatE has already been confirmed in vitro in previous studies (30) .
Identification of overlapping CatR and YodB binding regions in the catDE promoter. To identify the cis-acting sequences which function as operator sites for repression by CatR and YodB, DNase I footprinting analysis was performed with purified His-tagged CatR and YodB proteins on the top and bottom strands of the catDE promoter using a 5Ј-endlabeled catDE promoter DNA probe (Fig. 4A to C) . Purified CatR protein protected a region overlapping the catDE promoter from positions Ϫ56 to ϩ12 relative to the transcriptional start site (Fig. 4A and B) . Purified YodB protein showed protection of the same catDE promoter region (Fig. 4C) . The CatR-and YodB-protected regions in the catDE promoter contain two 4-5-4-bp inverted repeat (IR) sequences with the consensus of TTAC-N5-GTAA that overlap the Ϫ35 promoter region (BS1) and the transcription start point (BS2), which are putative binding sites for CatR and YodB (Fig. 4D) . Further inspection of the upstream regions of other catDE operon homologs of related bacilli revealed that the BS2 region and the catDE promoter regions are highly conserved also in Bacillus licheniformis, Bacillus halodurans, and Bacillus amyloliquefaciens ( Fig. 5A and B) .
Mutational analysis of the catDE promoter region reveals different DNA-binding activities of CatR and YodB to the BS1 and BS2 operator sites. Next, we analyzed the DNA-binding activities of YodB and CatR to the catDE promoter using labeled promoter probes with mutations of the IR sequences. The EMSAs of CatR bound to the promoter probes containing regions at Ϫ146 to ϩ20 relative to the TSS are shown in Fig. 6 . Mutations of one IR element in BS2 (TTACN 5 GTAA to TT ACN 5 GCCC) (ϩ20M1 probe) decreased binding affinity of CatR 4-fold, and deletion of both IR elements in BS2 (TTAC N 5 GTAA to GGGCN 5 GGGG) (ϩ20M2 probe) abolished CatR binding. Deletions of the upstream binding region to Ϫ40 and mutation of both IR elements of BS1 (TTACN 5 GTAA to GGGCN 5 GGGG) (Ϫ60M3 probe) strongly reduced CatR binding to the catDE promoter. These results indicate that both BS1 and BS2 operator sites are essential for binding of CatR in vitro.
In contrast, mutations in BS2 did not decrease binding of YodB to the catDE promoter. However, deletions of the upstream binding region to Ϫ40 and mutation of BS1 abolished binding of YodB, indicating that BS1 rather than BS2 is essential for binding of YodB to the catDE promoter in vitro. Previously, we have proposed TACT-N7-AGTA as the con- sensus of YodB binding sites (15) . The BS1 site contains the sequence TACT-N7-AacA, which is similar to the YodB consensus (Fig. 5C ). CatR is modified by intersubunit disulfide formation in vitro and in vivo. Previously, we showed that the YodB repressor is regulated by C6-C101Ј intersubunit disulfide formation in vitro. The possibility of intersubunit disulfide bond formation was analyzed for His-CatR protein in vitro using nonreducing SDS-PAGE and in vivo using diagonal Western blot analysis of CatR-specific immunoprecipitates from wild-type cells. CatR forms DTT-reducible intermolecular disulfides that are linked by both Cys7 residues in vitro upon diamide, MHQ, and catechol stress (Fig. 7A to C) .
In the diagonal Western blot analysis, CatR was detected at the diagonal under control conditions and CatR intersubunit disulfides appeared to the right of the diagonal after diamide, MHQ, and catechol stress (Fig. 7D) . These CatR intersubunit disulfides were also detected in the yodB mutant, confirming that regulation of CatR occurs independently of YodB (Fig.  7D) . Thus, our data suggest that CatR is modified by intersubunit disulfide formation in vitro and in vivo.
To verify that the CatR Cys7 residue is modified in vivo, we used the large alkylating agent AMS (4-acetamido-4Ј-maleimidylstilbene-2,2Ј-disulfonic acid) that results in a mass shift of 500 Da if the Cys residue is free for AMS modification. Cells were harvested before and after diamide and MHQ treatment and alkylated either with IAM or AMS. The extracts were analyzed using CatR-specific Western blot analysis (Fig. 7E) . The results showed that AMS-alkylated CatR is shifted under control conditions compared to the IAM sample, indicating that Cys7 is in the reduced form. However, diamide, MHQ, and catechol treatment of CatR shows that most CatR migrates to the size of the IAM samples. This indicates that Cys7 of CatR is modified upon exposure to diamide and quinones inside cells.
Physical interaction of the paralogous DUF24-family repressors CatR and YodB. Next, we analyzed whether the paralogous MarR/DUF24 proteins YodB and CatR could physically interact in vivo. To monitor complex formation of CatR and YodB in cytoplasmic extracts of B. subtilis in vivo, we expressed the CatR-FLAG protein under the control of the xylose-inducible xylA promoter in the catR and yodB mutant strains. It was verified, using catDE-specific Northern blot analysis, that the FLAG-tagged CatR protein was functional in vivo, as catDE transcription was similar in the ⌬catR catR-FLAG strain to that in the wild type (see Fig. S1 in the supplemental material). Protein cross-linking was performed using the cross-linking reagent DSP, and the CatR-FLAG protein was purified using anti-FLAG affinity agarose from cytoplasmic extracts. We used Western blot analysis with YodB-and CatR-specific antibodies and mass spectrometry (MS) to analyze coimmunoprecipitation of YodB and CatR-FLAG pro- FIG. 6 . DNA-binding experiments of CatR and YodB to the mutated catDE promoter. Electrophoretic gel mobility shift assays (EMSAs) were applied using purified CatR and YodB proteins and catD promoter probes ranging from Ϫ146 to ϩ20 without mutations (ϩ20) and with mutations in one and two repeat elements of BS2 (ϩ20M1 and ϩ20M2), deletions in the upstream binding region (Ϫ60 and Ϫ40), and mutations of the two repeat elements of BS1 (Ϫ60M3).
teins using the anti-FLAG-specific antibodies (Fig. 8) . The Western blot analyses revealed strong amounts of precipitated CatR-FLAG protein in the CatR-FLAG-expressing strains and no CatR-specific signal using purification from wild-type extract. In fact, using YodB-specific Western blot analysis we also detected a strong signal for YodB at the same size of CatR. However, the signal was also present in the ⌬yodB catR-FLAG strain, indicating that the YodB antibodies cross-react with the abundant CatR-FLAG protein. This was further confirmed by mass spectrometry. Both YodB and CatR-FLAG proteins could be purified using YodB-specific immunoprecipitation using Dynabeads protein A as verified by matrix-assisted laser desorption ionization-time of flight tandem mass spectrometry (MALDI-TOF MS/MS) analysis (see Fig. S2C and D in the supplemental material). However, only peptides of the CatR protein could be detected in the MALDI-TOF spectrum of immunoprecipitated CatR-FLAG protein samples (see Fig.  S2A and B in the supplemental material). This indicates that CatR and YodB do not form heterodimers in vivo and regulate their target genes independently. This also confirms the Northern blot results shown in Fig. 1D , which show that CatR responds independently of YodB in repression and regulation of catDE transcription.
DISCUSSION
In this study, we have identified CatR as another MarR/ DUF24-family repressor that, together with the YodB repressor, controls the catechol-2,3-dioxygenase-encoding catDE operon. Our data show that inactivation of both CatR and YodB is required for full derepression of catDE transcription. The DNase I footprinting experiments revealed that both para- and ⌬catR catR-FLAG and ⌬yodB catR-FLAG strains after protein cross-linking with DSP according to the description in Materials and Methods. CatR-FLAG protein was immunoprecipitated using anti-FLAG affinity agarose, and the proteins were eluted using reducing sample buffer containing 5% mercaptoethanol (IP-CatR-FLAG). The protein extracts were separated in lanes 4 to 6 each. Detection of YodB and CatR was performed using the specific antibodies. Note that the FLAG-tag results in a higher molecular mass of CatR-FLAG compared to CatR detected in wild-type extracts. (Fig. 1B) indicate that there might be a competition between both CatR and YodB for binding to the catDE operator in vivo since the catDE operon was repressed by CatR in the ⌬yodB mutant under control conditions. However, in ⌬catR and ⌬yodB single mutants we found derepression of catDE transcription by diamide, MHQ, and catechol, suggesting that YodB and CatR respond independently of each other to the electrophiles in vivo. The lower responsiveness of CatR to diamide, MHQ, and catechol in the ⌬yodB mutant was caused by the quinone resistance phenotype due to derepression of AzoR1. This is supported by the result that catDE transcription is similarly derepressed in the wild type and in the ⌬yodB azoR1 mutant. Furthermore, YodB regulation of azoR1 transcription occurs independently of CatR (see Fig. S3 in the supplemental material). To confirm that both paralogous repressors CatR and YodB act independently of each other, in vivo protein cross-linking experiments were performed, followed by affinity purification of FLAG-tagged CatR protein.
However, the verification of copurification of possibly interacting YodB protein was difficult to address using Western blot analyses since the YodB antibodies cross-reacted with the abundant immunoprecipitated CatR-FLAG protein. Using mass spectrometry we could confirm that only the CatR-FLAG protein was purified from cell extracts using the anti-FLAG affinity agarose, and no interacting YodB protein. These results are consistent with the catDE transcription results and exclude the possibility of physical interaction of both repressors. Both YodB and CatR repressors share the conserved Nterminal Cys residue, which was shown to be required for DNA-binding activity and redox sensing of YodB in vivo (4, 15) . Inducer responsiveness of the CatRC7S mutant protein was reduced compared to that of the wild-type CatR protein.
In addition, Cys7 is required for DNA-binding activity of CatR, as derepression of catDE transcription is observed in the catRC7S mutant under control conditions. This indicates that mutation of this Cys residue is critical for DNA-binding activity and might interfere with the protein structure. This is in agreement with studies with the yodBC6S mutant that showed weak derepression of azoR1 transcription under noninducing conditions, indicating that this conserved Cys is required for repression of YodB (4, 15) .
We have further investigated the mechanism by which CatR senses and responds to diamide and quinones. The redoxsensing mechanisms have been well characterized for MarRtype repressors of the OhrR family that respond to organic hydroperoxides. The two-Cys-type OhrR repressor of X. campestris is inactivated by cumene hydroperoxide (CHP) via an intersubunit disulfide bond between Cys22 of one subunit and Cys127Ј of the other subunit (26) . Inactivation of the one Cys-type OhrR protein of B. subtilis by CHP requires Cys15 oxidation to sulfonate that reacts further to a sulfonamide in vitro or a mixed disulfide (S-thiolated) form of OhrR with cysteine or bacillithiol in vivo (6, 14, 23) . Recent data have shown that YodB senses quinones and diamide via C6-C101Ј intersubunit disulfides in vitro and resembles the model of the two-Cys-type OhrR repressor of X. campestris (4) . The data presented here suggest that CatR forms intermolecular disulfides between the lone Cys7 residues of both subunits in response to diamide and quinones in vitro and in vivo. We could not detect any S-thiolation modification of immunoprecipitated CatR-FLAG protein by cysteine or bacillithiol in vivo (data not shown). Recently, another one-Cys-type redox-sensing MarR/DUF24-family regulator CgR1435 (QorR) has been FIG. 9 . Quinone resistance network of the MhqR, YodB, and CatR regulons of B. subtilis. Three MarR-type repressors, MhqR, YodB, and CatR, respond to diamide and quinone-like electrophiles in B. subtilis. YodB and CatR represent paralogous MarR/DUF24-family repressors that sense electrophiles via the conserved N-terminal Cys residue. The regulatory mechanism of the MhqR repressor is unknown. YodB controls the azoreductase AzoR1, the nitroreductase YodC, and Spx and it also controls together with CatR the DoxX-like oxidoreductase CatD and thiol-dependent dioxygenase CatE. The MhqR repressor regulates paralogous enzymes of the YodB and CatR regulons, including the azoreductase AzoR2, the nitroreductase MhqN, the DoxX-like oxidoreductase MhqP, and three thiol-dependent dioxygenases, MhqA, MhqE, and MhqO. The operator sequences for binding of MhqR, YodB, and CatR are generated using WebLogo.
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characterized that controls a quinone oxidoreductase in Corynebacterium glutamicum (5) . Inactivation of QorR by diamide and H 2 O 2 in vitro involves intersubunit disulfide formation between the single Cys17 residues of both subunits. This confirms our results with CatR that is oxidized to Cys7 intersubunit disulfides.
In conclusion, in this paper we have expanded the network of quinone-sensing redox regulators by the identification of the YodB-paralogous MarR/DUF24-family member CatR as a major regulator of the catechol dioxygenaseencoding catDE operon (Fig. 9) . Together YodB, CatR, and MhqR control paralogous azoreductases, nitroreductases, DoxX-like oxidoreductases, and thiol-dependent dioxygenases that collectively function in the detoxification of quinones and diamide by reduction or ring cleavage of these electrophiles in B. subtilis.
